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Strategies to improve the acceptance of scaffolds by the body is crucial in tissue engineering (TE) which
requires tailoring of the pore structure, mechanical properties and surface characteristics of the
scaffolds. In the current study we used a 3-dimensional (3D) printing technique to tailor the pore
structure and mechanical properties of (i) nanocellulose based hydrogel scaffolds for soft tissue
engineering and (ii) poly lactic acid (PLA) based scaffolds for hard tissue engineering in combination with
surface treatment by protein conjugation for tuning the scaffold bioactivity. Dopamine coating of the
scaffolds enhanced the hydrophilicity and their capability to bind bioactive molecules such as fibroblast
growth factor (FGF-18) for soft TE scaffolds and arginyl glycyl aspartic acid (RGD) peptide for hard TE
scaffolds, which was confirmed using MALDI-TOFs. This functionalization approach enhanced the
performance of the scaffolds and provided antimicrobial activity indicating that these scaffolds can be
used for cartilage or bone regeneration applications. Blood compatibility studies revealed that both the
materials were compatible with human red blood cells. Significant enhancement of cell attachment and
proliferation confirmed the bioactivity of growth factor functionalized 3D printed soft and hard tissues.
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Introduction

Tissue engineering (TE) is an interdisciplinary field that applies
the principles of engineering and life sciences toward the
development of biological substitutes or scaffolds that restore,
maintain, or improve tissue function.* A scaffold should have
comparable biological, physical and mechanical properties to
the targeted tissue, such as suitable surface properties (such as
surface roughness for the attachment of cells and other growth
factors) and optimal internal architecture (which includes pore
size, pore-size distribution, pore morphology, orientation, pore
interconnectivity and surface area to volume ratio).> As natural
tissues are originally developed in a 3-dimensional (3D) envi-
ronment of extracellular matrix (ECM) having different pore
sizes for different functionalities, the success of the scaffold
relies in its resemblance to this 3D environment.® It is believed
that different pore sizes influence different cell processes: 150
250 um promotes cartilage regeneration via production of
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collagen,* while 250-500 pm promotes ECM production and cell
proliferation.” In other words, micropores (>300 um) increase
the tendency for better mechanical properties, cell attachment
and proliferation, while macropores (<500 pm) facilitate the
formation of ECM, tissue growth, nutrient supply, waste
removal and bone regeneration.*® These contradictory results
may be due to the complexity of 3D structures which may affect
cell penetration, distribution and nutrient diffusion.” A smart
solution could be the introduction of gradient porosity within
the scaffold. In fact, gradient porosity is present in soft and hard
natural tissues, such as cartilage, skin and bones. In skin the
pore size increase with distance away from the surface and for
long and flat bone structural gradient is found in radial and
axial direction, respectively, introducing variation in bone
density.*

3D printing is a versatile technique to fabricate a scaffold in
a layer-by-layer fashion with controlled micro and macro
dimensions having high reproducibility. Additionally, images
from Computed Tomography (CT), Magnetic Resonance
Imaging (MRI) or X-rays can be used to design patient specific
scaffolds.” Nanocellulose is a popular choice of material for
soft TE application due to its bio-based origin, cytocompatibility
and excellent mechanical properties™ and specific rheological
properties such as shear thinning, suitable for 3D printing."*"*
We have shown in our recent studies that 3D printing provides
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possibilities to tailor the pore structure and also tune the
mechanical properties to match the natural tissue.**** Likewise,
poly lactic acid (PLA) is a popular 3D printable material and PLA
based scaffolds are widely used in hard tissue engineering
(orthopedic implants) as they have high mechanical strength,
biocompatibility, biodegradability and corrosion resistance'**®
as well as allows resorption in the human body after several
months. Some of these scaffolds are hydrophobic in nature and
nonporous in design which leads to reduced tissue regenera-
tion'?*® primarily due to the lack of hydrophilic moieties that
enhances cell proliferation.”

Functional modification of 3D printed scaffolds is clinically
important for long-term applications in the biomedical
field.”*** Cellular responses such as adhesion, migration,
proliferation and differentiation are highly dependent on
surface characteristics of the scaffold. There is a growing
interest towards the 3D printing of biopolymers for TE but there
are only a few reports on the functional modifications of such
scaffolds.”>*® Dopamine surface modification is a facile and
simple method introduced by Messersmith's group in 2007
based on mussel inspired polydopamine® that helps with the
robust adhesion of mussels to other substrates. Some studies
on the application of polydopamine to convert hydrophobic
surfaces into hydrophilic ones are reported.”® Dopamine
hydrochloride in the alkaline environment can form polydop-
amines that can adlayer to various organic and inorganic
substances due to the oxidation of the catechol groups of
dopamine.***® Even though there are reports on the dopamine
coating on 3D printed materials, in this study we further
improved the bioactivity by the conjugation of growth factors. It
can further enhance the cell to cell interaction, proliferation
and thus better tissue regeneration. The various functional
groups present on dopamine coatings can further provides
a platform for the attachment of growth factors, hormones,
peptides and chemicals that can be surface immobilized via
chemical or physical strategy.*"** In view of this, we aimed to
functionally modify the 3D printed scaffolds with dopamine
coating followed by surface functionalization of protein mole-
cules as adhesive layer. PLA has been selected for bone and
cellulose nanocrystals (CNC) based hydrogel has been selected
for cartilage TE applications. The scaffolds coated with dopa-
mine were examined by FTIR, XRD, SEM and EDS and the
presence of proteins was confirmed with MALDI-TOF. Antimi-
crobial activity and the efficiency of these protein coated surface
to enhance the attachment and proliferation of osteoblast and
cartilage cells were also studied.

Experimental section
Materials

The supplied raw material used for the processing of cellulose
nanocrystals (CNCs) was 17 wt% cellulose suspension which
was extracted from unbarked Norway spruce wood chips (Picea
abies) using the bioethanol processing plant at SEKAB
(Ornskéldsvik, Sweden).?® Sodium alginate (alginic acid sodium
salt from brown algae, M,, = 120 000-190 000 g mol '), gelatin
(Bloom 225, Type B, M,, = 40 000-50 000 g mol '), calcium
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chloride (CaCl,, M,, = 110.98 g mol '), glutaraldehyde (50 wt% in
H,0, M,, = 100.12 g mol™ '), dopamine hydrochloride (M, =
189.64 g mol "), arginyl glycyl aspartic acid (RGD) (M,, = 346.34 ¢
mol ') and Fibroblast Growth Factor-18 (FGF-18) (M,, = 21.2 kDa)
were purchased from Sigma-Aldrich (Germany). Poly lactic acid
(Ultimaker metallic silver PLA) with a dimeter of 2.85 mm was
supplied by Structur3D Printing. The mechanical, electrical and
thermal properties of PLA filament are listed in the technical data
sheet from Ultimaker. a-Cyano-4-hydroxycinnamic acid and tri-
fluoroacetic acid were purchased from Sigma Aldrich (St.Louis,
MO, USA). Analytical grade acetonitrile was purchased from
Rathburn Chemicals Ltd (Walkerburn, UK).

Processing methods

Hydrogel ink preparation. Cellulose nanocrystal based
hydrogel ink was formulated according to the procedure
described earlier.” Briefly, 11 wt% CNCs, 6 wt% sodium algi-
nate (SA) and 12 wt% gelatin (Gel) were mixed to have a wet
(Wt%) composition of CNC/SA/Gel/water: 6.87/1.50/1.50/90.12.

3D printing of CNC hydrogel scaffolds. The 3D printer used
was an Ultimaker2+ equipped with Discov3ry Complete for
paste printing system from Structur3D Printing (http://
www.structur3d.io). Cura was used as the slicing software and
the files were saved as gcode to be read by the printer. Prior to
printing, syringes filled with the hydrogel ink were gently
centrifuged to remove trapped air bubbles. For all prints,
a nozzle diameter of 400 um, a flow rate of 100% and printing
speed of 30 mm s ' were used. Two types of cubic scaffolds (20
mm?*) were 3D printed depending on pore structure (1) uniform
pores of 400 pm and (2) gradient pores ranging from 110-600
um. After 3D printing, 3 wt% CacCl, solution was added drop-
wise onto the scaffolds until completely wet. After 5 minutes,
the scaffolds were gently transferred into a bath of 3 wt% CacCl,
solution for overnight crosslinking of alginate. Then the scaf-
folds were rinsed with distilled water and left overnight into the
bath of 3 wt% glutaraldehyde solution to crosslink gelatin. After
double crosslinking, the 3D printed scaffolds were washed
thoroughly and stored in distilled water.

3D printing of PLA scaffolds. PLA was printed with nozzle
diameter of 250 pum, nozzle temperature of 210 °C, print bed
temperature of 90 °C, flow rate 100% and printing speed of
100 mm s~ . Two types of porous cubic scaffolds (20 mm?®) were
3D printed depending on the pore structure, (1) uniform pores
of 400 um and (2) gradient pores in the range of 100-500 um.
Non-porous PLA was also 3D printed in the form of a screw with
a length of 18 mm and head diameter of 5 mm.

Dopamine coating. Prior to dopamine coating, both hydro-
gel and PLA 3D printed scaffolds were washed with ethanol,
acetone and distilled water followed by room temperature
drying. Dopamine solution was prepared by dissolving 20 mg
mL " of dopamine hydrochloride in 10 mM Tris buffer of pH
8.5 and coating was achieved via direct immersion technique at
room temperature for 16 hours. Afterwards, the scaffolds were
washed with ethanol and distilled water.

FGF-18 immobilization. Fibroblast growth factor-18 solution
(FGF-18) was prepared in 5 mM Tris pH 8.0 to a concentration of

RSC Adv, 2020, 10, 37928-37937 | 37929
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50 ng mL ', in which 3D printed hydrogel scaffolds were
immersed for 5 hours at 40 °C with gentle stirring. Afterwards,
the scaffolds were washed with distilled water.

RGD conjugation. RGD solution was prepared in 0.1 N acetic
acid (50 ng mL™"). Dopamine coated 3D printed PLA scaffolds
were immersed in the solution for 5 hours at 40 °C with gentle
stirring. After which the scaffolds were washed with distilled
water.

Characterization

Fourier transform infrared spectroscopy was recorded on
a'Varian 670-IR FTIR spectrometer equipped with ATR accessory
(Specac, UK). The measurements were done at room tempera-
ture with a resolution of 4 cm ' and an accumulation of 50
scans in the spectral range of 390-4000 cm™". X-ray diffraction
spectra were collected on a PANalytical X'Pert PRO MPD (PAN-
alytical, Netherlands) with copper radiation (A = 1.54056 A) with
a scan range of 5°-50°. Scanning electron microscopy of the
scaffolds was performed using a JEOL JSM-7401F (JEOL, Japan).
The hydrogel samples were freeze dried. All samples were
sputter coated with gold for 30 seconds prior to analysis. Energy
Dispersive X-ray spectroscopy was performed on a Hitachi
TM3000 (Hitachi, Japan). Matrix-assisted laser desorption/
ionization (MALDI) analysis was performed on Voyager-DE™
STR mass spectrometer (Perspective Biosystem, Framingham,
MA, USA), equipped with a nitrogen laser (337 nm), in reflector
mode and positive ionization. The acquisition was performed
with an accelerating potential of 20 kV, grid voltage set at 94%,
and a delay time of 100 ns. Spectra were acquired in a mass
range of 50 to 500 or 1000 m/z for RGD were processed and
calculated by the Data Explorer V4 software (Applied Biosystems
Inc., Foster City, CA, USA). In case of FGF-18, mass acquisition
range was from 20 000 to 80 000 m/z. prior to analysis, 1 uL of
matrix solution was dropped on the scaffold surface and air
dried. The matrix solution for RGD was composed of saturated
alpha-cyano-4-hydroxy-cinnamic acid (CHCA) in 50% acetoni-
trile (CAN) and trifluoroacetic acid (TFA) 0.05% v/v and for FGF-
18 the matrix solution was the same. Water was purified using
a Millipore water purification system to a resistance >18
MQ cm ™.

Invitro antimicrobial activity and blood compatibility study.
Antimicrobial activity was performed by disc diffusion method
to measure the zone of inhibition method.** Two strains were
selected, Gram positive S. aureus and Gram negative E. coli to
study the antimicrobial activity of dopamine coated protein
immobilized scaffolds. 10 mL of overnight grown cultures were
prepared (1 x 10° cfu mL ") and from this 10 uL were uniformly
spread on Luria broth agar plates. After these scaffolds were
placed on the plates in triplicates followed by incubation for 24
hours at 37 °C and the zone size were measured.

RBC aggregation study was carried out to understand the
blood compatibility of the dopamine coated protein immobi-
lized scaffolds. For this blood samples were collected from
healthy volunteers and transferred to a tube containing 3.8%
sodium citrate at a ratio of 9:1 (blood : anticoagulant). Red
Blood Cells (RBCs) were collected after a centrifugation at
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750 rpm for 15 minutes. 3D printed scaffolds with dopamine
coating and protein conjugation were used for this study. Briefly
CNC, Dop-CNC, Dop-CNC-FGF18, PLA, Dop-PLA and Dop-PLA-
RGD were cut in to small pieces of 1 x 1 cm” and sterilized
for 20 minutes under UV irradiation. Further the sterilized
samples were incubated with diluted RBC at 37 °C. After the
incubation the samples were observed under a phase contract
microscope (Leica DMIRB, Germany).

Biocompatibility and cell proliferation. The pre-osteoblast
and cartilage like cell line MC3T3-E1 were obtained from
NCCS (Pune) and used to perform in vitro cell studies. Osteo-
blast and skeletal cells were cultured in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin in a 5% CO,
incubator at 37 °C and seeded onto 48-well plates at a density of
5 x 10 cells per well. After 24 hours, the cell culture medium
was exchanged with fresh medium and the scaffolds after
proper sterilization were cultured for a period of 72 h. For the
cell proliferation study of the dopamine and protein loaded
scaffolds, the cells were drop seeded onto the scaffolds at
a density of 5 x 10* cells per well in 1 mL of media. Cell
proliferation was determined at different time intervals. The
cytotoxicity and cell proliferation were evaluated by using the
MTT assay (n = 4) and live dead staining assay respectively. The
absorbance of the medium was measured at 450 nm using
a microplate reader (ELISA, Bio-Rad, Hercules, CA, USA). After
72 hours of proliferation, cells were stained with PI nuclear
stain and observed under the fluorescent microscopy at 405 nm.

To study the chondrogenic differentiation stem cells were
seeded on CNC scaffolds at a density of 1 x 10" cells per well
and incubated at 37 °C, 5% CO, for 3 h in DMEM containing
10% FBS and antibiotics. After that 1 mL of medium was added
to each well then incubated for 24 h. After the incubation
scaffolds were placed in a new culture plate to remove the dead
cells. Culture medium changed 3 times a week. On the 5th, 10th
15th, 20th, 25th and 30th day scaffolds were checked for DNA
content and GAG content. For DNA analysis samples were
digested with papain buffer (Sigma-Aldrich, Germany), 10 mM
EDTA, 10 mM phosphate buffer and 10 mM cysteine. DNA
content was measured fluorometrically. Dimethylmethylene
blue assay were performed to analyse the GAG content using
bovine chondroitin sulfate as a slandered.

Stem cell osteogenesis was calculated with the help of alka-
line phosphatase (ALP) activity. The cell lines were cultured in
a 24 well cell culture plate. The concentration of the cells was
1 x 10" in each well and the scaffolds were incubated for
a period of 5, 10, 15 and 20 days. The medium was removed and
wells were washed with PBS. Alkaline phosphatase reagent
(Sigma-Aldrich, Germany) was added in dark and kept for
30 min and the measurement of absorption were recorded with
an ELISA reader at 405 nm wavelength.

Results and discussions
3D printing of scaffolds

We have used nanocellulose hydrogel ink and PLA filaments
for 3D printing of scaffolds with uniform and gradient
porosity. Nanocellulose based gel printing is found to be

This journal is © The Royal Society of Chemistry 2020
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more challenging compared to PLA melt printing. In gel
printing, the hydrogel ink should be in the form of smooth
paste with appropriate rheological properties (shear thin-
ning) to allow the continuous extrusion in the form of a fila-
ment. The developed hydrogel ink showed an apparent
viscosity of 1.55 x 10° Pa s and storage modulus of 4.42 x 107
Pa. Moreover, the swelling of the hydrogel ink can adversely
affect the printing resolution. The pre-crosslinking of the 3D
printed scaffold with CaCl, on the print bed is required in
order to stabilize the fragile print so that it can be transferred
into the crosslinking bath. Further post treatment with CacCl,
and gluteraldehyde is used to crosslink CNC with gelatin and
alginate forming a stable gel.

Fig. 1a and b shows the 3D printed scaffolds of CNCs based
hydrogel ink with uniform porosity of 400 pm and gradient
porosity of 110-600 um where the pore sizes in the range suit-
able for cartilage regeneration. Due to the hydrogel nature of the
ink a variation in pore size of £30 um was observed. The SEM
image, Fig. 3c, shows the morphology of the walls of the 3D
printed scaffold. It may be noted that CNC scaffold walls show
nanoscale porosity and nanoscaled surface roughness hydrogel
scaffold which is expected to favour cell interactions.

PLA melt printing is less challenging compared to nano-
cellulose hydrogel printing and do not require post treatment or
curing of the printed constructs. The heated print bed and the
simultaneous cooling of the print during extrusion process
enhance the print resolution. PLA scaffolds were 3D printed to
target hard tissue with a variety of pore structure (Fig. 1d and e)
uniform pores of 400 um and gradient pores of 100-500 pm.
Unlike CNC scaffolds, no nanoscaled porosity was expected on
the walls of PLA scaffold (Fig. 1f).

The hydrogel scaffolds have a compression modulus in the
range of 0.20-0.45 MPa when tested in simulated in vivo
conditions (in water at 37 °C).** PLA scaffolds showed a signifi-
cantly higher compression modulus of 7-9 MPa. The modulus
data justifies the use of CNC hydrogel scaffolds for soft tissue
engineering and the PLA scaffolds for hard tissue engineering.
All further surface treatments of the scaffolds in this study is
guided by the mechanical property data.

Fig.1 CNCs based hydrogel ink scaffolds with (a) uniform pores of 400 um and (b
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Dopamine coating

Polydopamine coating is a non-toxic and solvent free coating
which can be done on any substrate and the amine or thiol
group of dopamine can promote cell adhesion by adsorbing
serum protein such as fibronectin and vitronectin.***” In this
study a uniform coating of dopamine on the surface of 3D
printed gradient porous scaffolds was achieved by simple
immersion in buffered dopamine (pH 8.5). This leads to the
spontaneous deposition of polydopamine films on the scaffold
surface through strong covalent and non-covalent interactions
with the organic surfaces.®® The coatings were further charac-
terized by FTIR, XRD, SEM and EDS.

Fig. 2a and b shows FTIR spectra of dopamine coated scaf-
folds which confirms the presence of its components and
conjugations. In Fig. 2a, the absorption band of cellulose at
3100 cm " corresponds to the O-H stretching vibrations and
the band at 2900 cm ™" is assigned to C-H stretching vibrations
of aliphatic chains of sodium alginate.**** The presence of
dopamine is indicated by the peaks at 1091 and 1257 cm ™ 'that
are assigned to C-O stretching of catechol groups. Another
band at 1285 em ™" is from the phenolate C-O stretching which
is an important indicator of catechol coordination to the
dopamine surface.*** Characteristic primary amine bending
and stretching of dopamine can be seen at 1650 cm . Fig. 2b
shows the PLA characteristic stretching frequencies for C=0,
-CH; asymmetric, and C-O, at 1746, 2995 and 1080 cm !,
respectively.**

Bending frequencies for -CH; asymmetric and -CHj;
symmetric have been identified at 1452 and 1361 c¢cm™ ',
respectively. In the dopamine-coated sample, a shift in the
absorption bands of 1752 to 1653 cm ' is due to the CO
stretching vibrations indicating the polymerization of poly-
dopamine on the surface of PLA. In addition, OH stretching
modes and aliphatic CH stretching modes at 2997 cm ™" of pure
PLA are absent in dopamine coated PLA. The NH stretching in
the dopamine molecules was also shifted to 2928 cm™* and
1598 cm ™' in case of dopamine coated PLA. It is mainly due to
the molecular interactions between the amine groups of dopa-
mine and PLA surface.*®"

- v

) gradient pore of 110-600 pm and (c) SEM image of the walls

of 3D printed scaffold (inset image at high resolution) (d) PLA scaffolds with uniform pores of 400 um, (e) gradient pores of 100-500 um and (f)

SEM image of the walls of PLA 3D printed scaffold.

This journal is © The Royal Society of Chemistry 2020
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Fig.2 FTIR spectra of (a) Dop-CNC hydrogel scaffolds and (b) Dop-PLA scaffolds, XRD patterns of (c) Dop-CNC hydrogel scaffolds and (d) Dop-

PLA scaffolds.

In Fig. 2c CNC hydrogel showed peaks around 7.5°,10.5° and
16° and it is a typical peak of cellulose with d-values of 5.42, 3.85
and 2.54 A corresponding to 110, 200 and 004 planes.'* In
Fig. 2d, the well-defined peaks between 9° to 35° are the
contributions from crystalline PLA phase. The absence of crys-
talline peaks further than 35° indicates the presence of amor-
phous PLA. After coating in both types of scaffolds, dopamine is
the prominent phase. In case of Dop-CNC hydrogel scaffolds,
dopamine solution can be absorbed deep into the surface due to
its hydrogel nature and therefore cellulose I crystal structure is
not evident in the XRD pattern. However, in case of Dop-PLA,
the coating stays at the top and cannot penetrate inside and
therefore PLA structure is still evident in the XRD pattern.

Surface modification with growth factor (FGF-18) and peptide
(RGD)

Limited acceptance of scaffolds in tissue engineering is usually
attributed to its improper contact between the scaffold and the
neighboring tissue. In view of this, for cartilage tissue regen-
eration, we immobilized the growth factor (FGF-18) on the
polydopamine coated surface of 3D printed cartilage scaffold.
FGF-18 was first reported in 1998 as a novel growth factor and
current evidence suggests that FGF-18 can have a positive
influence in chondrogenesis and osteogenesis during skeletal
development and are actively involved in the cell growth,
morphogenesis, tissue repair, inflammation and also in devel-
opmental process.*®** See the chemical structure shown in
Fig. 3b (inset).

In the case of bone tissue regeneration also there is a critical
need to proliferate osteoblasts on the mechanical surface, so
the coating of these implants with cell adhesive molecules
provides a strong affinity for the cells to proliferate. Piersch-
bacher and Ruoslahti (1984) first reported RGD as the cell
adhesion motif displayed on many extracellular matrix (ECM)
and plasma proteins.®® RGD as a bio mimetic peptide can
increase the cell adhesion and attachment on the matrix surface
by preventing cell apoptosis.®* To improve the osteogenesis of

37932 | RSC Adv, 2020, 10, 37928-37937

the hard tissue implants we conjugated RGD on dopamine
surface. RGD chemical structure shown in Fig. 3d (inset).

The SEM images (Fig. S1, ESIT) show the topography of the
3D printed hydrogel and PLA scaffolds after the above
mentioned modifications. The CNC hydrogel scaffolds showed
smooth surfaces after coating with dopamine and increased
surface roughness after coating with growth factor FGF-18. In
the case of PLA scaffolds the coating of dopamine did not show
any significant impact on the scaffold surface morphology
except for some insoluble particles observed on the surface due
to polymerization to polydopamine. The coating with peptide
RGD increased the surface roughness of PLA scaffold. In the
case of both soft and hard scaffolds the increased surface
roughness was expected to be of advantage.

To understand the surface chemistry changes of the scaf-
folds after dopamine coating and protein immobilization EDS

N o
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Fig. 3 MALDI-TOF pattern of (a) Dop-CNC, (b) Dop-CNC-FGF18 (c)
Dop-PLA and (d) Dop-PLA-RGD. The chemical structures of dopamine
FGF18 and RGD are given inset.

This journal is © The Royal Society of Chemistry 2020
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was performed (Fig. S2, ESIt). Successful coating of dopamine
on both soft and hard scaffolds was confirmed by the presences
of unique amine group as there was an increase in the nitrogen
content of the scaffolds®*** as compared to uncoated scaffold
surface. Further protein immobilization was confirmed by an
enhancement in nitrogen content as compared dopamine
coating. In case of PLA scaffolds, nitrogen content of 10.23%
after dopamine coating was increased to 11.19% after RGD
immobilization. Similar trend was found for hydrogel scaffolds
where nitrogen content of 11.56% after dopamine coating was
increased to 12.53% after the FGF-18 conjugation which
confirm the presence of dopamine and proteins on the surface
of hydrogel and PLA scaffolds. These findings agree with the
previous reports of an increase in nitrogen content due to
dopamine coating.*®

The main goal of this study was effective transfer of RGD and
FGF-18 on to the scaffold surface through dopamine chemistry
which provides a suitable environment for cellular proliferation
and differentiation. As discussed earlier dopamine have cate-
chol and amine group which allow the polymer to form on any
substrate under alkaline condition which can conjugate to
biomolecules via imine formation.> In our study we used very
low concentration of growth factors for the conjugation and
therefore the final immobilization was confirmed by the
molecular  weight using MALDI-TOF mass
spectrometry.

We measured the molecular weight of dopamine on the
surface of both scaffolds; the mass spectra showed a sharp peak
in the position of 153 and/or 186 kDa indicates the presence of
polydopamine (Fig. 3a and c). A mass peak around at 21 kDa
proves the identity and immobilization of our target compound
in the case of FGF-18 (Fig. 3d). Likewise, the molecular ion peak
137,217, 347 and 422 m/z could be assigned to the conjugation
of RGD on the surface (Fig. 3c). Due to proper conjugation of
RGD to Dopamine there was a shift in the peak position from
130 to 422 m/z. As suggested by the reviewer we also measured
the molecular weight of RGD alone. We observed a sharp peak
at 346 kDa (Fig. 3b). The results showed the well-coated dopa-
mine and further conjugation of growth factors on the scaffold
surface.

analysis
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Water absorption by PLA is significantly lower (5 + 0.14 wt%)
compared to 3D printed cellulose hydrogel scaffolds with 90 +
0.1% water. It was noted that the pH decreased in the case of
PLA scaffolds from 7.4 to 6.7 by the 20™ day (see Fig. 3, ESI{),
attributable to the slow degradation of PLA in aqueous
medium.” On the other hand, the pH remained stable around
7.4 for the CNC scaffolds in aqueous medium.

In vitro antimicrobial activity and blood compatibility

In this study antibacterial activity of the dopamine coatings can
be directly visualized from the agar plates and the zone of
inhibition after polydopamine coatings reveals moderate
bactericidal effect. The antibacterial activities of coatings are
mainly associated with the damage of cell wall surfaces.

On comparing uncoated samples (a) in Fig. 4, it is clear that
3D printed PLA scaffolds do not show any antimicrobial activity
whereas CNC scaffolds show a zone of inhibition dopamine
coated cellulose as well as PLA (samples b) showed clear zone of
inhibition compared to the uncoated ones. Fig. 4 also shows
that antimicrobial activity of dopamine clogged the multipli-
cation of both Gram positive and negative bacteria. Bacterial
infections are the major challenge associated with the implan-
tation of medical devices and developing antimicrobial surfaces
is of paramount importance in scaffolds. Recent studies on the
effect of antibacterial coatings with polydopamine concluded
that dopamine coatings exhibit moderate antibacterial effect>
and the antibacterial effect of polydopamine coatings on E. coli
and S. aureus,” attributable to the functional groups which
present on the surface of dopamine, especially benzene group.*®
Fig. 4 further confirms that the immobilization of growth
factors RGD and FGF-18 enhanced the antibacterial activity (see
table). It has been shown that polymers functionalized with
RGD peptides possess anti-adhesive properties against certain
bacterial species. The ability of RGD and FGF-18 peptides
coatings to kill the bacteria on contact was proven with the zone
of inhibition study either by inhibiting the growth or directly
killing the bacteria. Mechanism of this peptide towards the
bacteria can be attributed to the electrostatic attraction with the
negatively charged bacterial cell wall. Since the tissue engi-
neered scaffolds are in direct contact with blood it needs to be

S.aureus

Zone of Inhibition
Samples

E.coli S.aureus
CNC 10.0+0.5 [7.5+1.0
CNC Dopamine 14.0+0.8 ]10.2+0.8
CNC Dopamine FGF-18 18.0£0.6 [15.5£0.8
PLA - -
PLA Dopamine 8.1 £05 [6.1+0.5
PLA Dopamine RGD 120+04 95+0.8

Fig. 4 Antimicrobial activity of (a) CNC and PLA scaffolds and their corresponding (b) Dop coated and (c) growth factor conjugated systems.
Table (right) summarises the quantitative information on the inhibition zone towards E. coli and S. aureus.

This journal is © The Royal Society of Chemistry 2020
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tested for blood compatibility. In view of this we tested the
blood compatibility of dopamine coated protein immobilized
scaffolds. For this RBCs were collected from blood samples
followed by incubation with scaffolds and observed under
microscope. If the material is having any kind of toxicity it will
causes aggregation of RBC which can't be used for any kind of
biomedical applications.

Observations from our study revealed that both cellulose and
PLA based scaffolds were blood compatible before and after
coating (Fig. S4, ESIt). The microscopic images showed healthy
cells without any damage to the RBCs. From these observations
we can conclude that these scaffolds are blood compatible and
useful for various tissue engineering applications.

Cell viability evaluations. Here we evaluated the toxicity of
biomaterials and peptides which we used for the coating of 3D
printed scaffolds and also the scaffolds itself for respective
target applications.

Cartilage and osteoblast cells adhesion and proliferation.
Surface characteristics of biomaterials play a major role in the
cell adhesion, proliferation and differentiation. Cell adhesion is
the primary event that occurs when cells come in contact with
a biomaterial and poor cell adhesion to orthopedic and carti-
lage implants result in failure.*®

08+

Absorbence
e e
> o

Dop-CNC  Dop-CNC- FGF 18

CNC

Dop-CNC
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We evaluated the biocompatibility of CNC and PLA scaffolds
and the corresponding surface modified materials using carti-
lage and osteoblast cell lines and the results are summarized in
Fig. 5. Cartilage cells were seeded on UV light sterilized CNC,
dopamine-CNC, dopamine-CNC-FGF-18 scaffolds and osteo-
blast cells were seeded on PLA, dopamine-PLA, dopamine-PLA
RGD scaffolds Dop-CNC-FGF18 (Fig. 5a) and Dop-PLA-RGD
(Fig. 5b) clearly showed biocompatibility and indicate that these
peptides enhanced the cell proliferation compared to negative
control as well as the unmodified and dopamine coated scaffolds.
The observations confirm our hypothesis that growth factors tar-
geted for specific interactions, induce fast proliferation of respec-
tive cells on the materials for better success after implantation.

We imaged the attachment and spreading of osteoblast and
cartilage cells on the PLA and CNC surface, respectively (Fig. 5c).
The images show that cells do not stay alive on PLA, but shows
better viability on cellulose surface, attributable to its hydro-
philicity. The moisture binding capability of cellulose hydrogel
scaffolds is considered an added advantage for cell attachment
and proliferation and supports earlier studies where wet surface
facilitated on the proliferation of mammalian cells.>

Dopamine coating enhanced the attachment and spreading of
both the cell lines and on both type of scaffolds. Even though PLA
is a polymer of preference in medical implants its poor

-
o
1

I
1
1

Absorbence
o
>

a
1

C

Dop- CNC- FGF 18

Dop-PLA-RGD

® » )

Fig.5 The cytotoxicity of (a) cartilage and (b) osteoblast cells cultured on the CNC and PLA scaffolds respectively (c) cell attachment on CNC and
PLA scaffolds showing the effect of dopamine coating and growth factors. CNC scaffolds were seeded with cartilage cells and PLA scaffold were

seeded with osteoblast cells.
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hydrophilic nature prevents the cells from attachment and
proliferation. In this study we used dopamine chemistry to
provide hydrophilicity to PLA scaffold and also to augment
the cell proliferation.*” As can be observed from Fig. 5c cartilage
and osteoblast cells were spread uniformly over dopamine-
cellulose FGF-18 and dopamine-PLA RGD indicating cell attach-
ment and proliferation. Cells cultured on growth factor func-
tionalized surface have a well extended morphology with a larger
cell area than that of cells cultured on bare 3D printed surfaces.

We further investigated the effect of growth factor (FGF-18)
on cartilage tissue regeneration through chondrogenic differ-
entiation assay on CNC, Dop-CNC and Dop-CNC-FGF18 scaf-
folds. As can be seen from the Fig. 6 the DNA content and GAG
amount increased drastically from bare CNC scaffold to FGF-18
immobilized scaffold during the incubation period of 30 days.
This increase in GAG content can directly correlate with chon-
drogenic differentiation since GAG synthesis is considered as
a biomarker of chondrogenesis. Alkaline phosphatase (ALP)
level is considered to be a marker for the analysis of osteogenic
differentiation and the production of ALP indicated the pres-
ence of osteoblast cells and the formation of new bone cells.
Results from ALP assay indicated that RGD conjugated PLA
supported the growth of osteoblast cells and significantly

T
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Fig. 6 Chondrogenic differentiation of CNC scaffolds and osteogenic
differentiation of PLA scaffolds at different time intervals. DNA and
GAG content was tracked for CNC scaffold and ALP production was
tracked for PLA scaffolds.
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enhanced the production of ALP, whereas the ALP production
was less in the other two scaffolds such as PLA and Dop-PLA.
After 15 days there was a significant increase in the APL
production by RGD conjugated PLA scaffolds.

In this study we tailored the surface chemistry and surface
roughness of 3D printed scaffolds with dopamine and further
immobilized with FGF-18 and RGD to attain a specific biological
response. Our findings highlight that FGF-18 enhanced the
cartilage cells growth and RGD promoted osteoblast growth in
a significant way. This study provides a new insight in to the
post treatment with amino functionalized molecules as surface
modification of 3D printed biomaterials and its possible
application in the biomedical field.

Conclusions

3D printed implants are explored today to overcome the limi-
tations of conventional implants by providing customizable
shape, sizes, porosity and we demonstrate that nanocellulose
and PLA can be used to 3D print scaffolds via gel and melt
printing respectively to achieve application specific (soft and
hard tissue regeneration) mechanical properties. The func-
tional modification of the surfaces of 3D printed biopolymer
scaffolds with proteins after dopamine coating was found to
provide an efficient methodology to enhance the scaffold
bioactivity and biocompatibility in both soft and hard tissue
regeneration scaffolds. MALDI analysis revealed the proper
immobilization of growth factors such as Arginine-Glycine-
Aspartic (RGD) and FGF-18 on the dopamine surface. While the
hydrophilicity and moisture in cellulose hydrogel scaffolds
resulted in inherent interaction with cells whereas in the case of
PLA, the dopamine coating and protein immobilization was
crucial in enhancing the cell interactions and viability. The
peptide (RGD) functionalized PLA enhanced the osteoblast
proliferation and osteogenic differentiation whereas FGF-18
immobilized soft scaffold enhanced the cartilage cells prolif-
eration and chondrogenic differentiation. The study demon-
strates that combining 3D printing with tailoring the biological
interface provides a viable and universal process to develop
tissue specific scaffolds with significantly enhanced the rate of
acceptance by the human body.
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